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Abstract

Background: Cognitive trajectory varies widely and can distinguish those that develop dementia
from those that remain cognitively normal. Variation in cognitive trajectory is only partially
explained by traditional neuropathologies. Here, we sought to identify novel genes associated with
cognitive trajectory using DNA methylation profiles from human post-mortem brain.

Methods: We performed a brain epigenome-wide association study of cognitive trajectory in 636
participants from the Religious Order Study and the Rush Memory and Aging Project (ROS/MAP)
using DNA methylation profiles of the dorsal lateral prefrontal cortex (dPFC). To maximize our
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power to detect epigenetic associations, we used the recently developed Gene Association with
Multiple Traits (GAMuUT) test to analyze the five measured cognitive domains simultaneously.

Results: We found an epigenome-wide association for differential methylation of sites in the
Claudin-5 (CLDN5) locus and cognitive trajectory (p-value = 9.96 x 10~7), which was robust
to adjustment for cell type proportions (p-value = 8.52 x 10~7). This association was primarily
driven by association with declines in episodic (p-value = 4.65 x 1075) and working memory
(p-value = 2.54 x 1077). This association between methylation in CLDON5 and cognitive decline
was even significant in participants with no or little signs of beta-amyloid and neurofibrillary
tangle pathology.

Conclusions: Differential methylation of CLDN5, an important protein of the blood-brain
barrier, is associated with cognitive trajectory beyond traditional Alzheimer Disease (AD)
pathologies. The association between CLDN5 and cognitive trajectory in people with low
pathology suggests an early role for CLDON5 and blood-brain barrier dysfunction in cognitive
decline and AD.

Keywords
Epigenetics; cognition; cognitive trajectory; dementia; gene-based analysis; neuropathology

Introduction

Cognitive decline is a common concern among older adults; however, the trajectory of
cognitive performance with age has a wide range from stable to rapid decline. Cognitive
trajectory is an important predictor of health outcomes and mortality, independent of other
commonly assessed risk factors (1). Dementia is a common consequence of a decline

in cognition, and Alzheimer Disease (AD) is its leading cause (2). AD is characterized

by the neuropathological accumulation of neuritic plaques and neurofibrillary tangles,
which is accompanied by neuronal loss (3); however, most older individuals have several
co-occurring neuropathologies. Collectively, neuropathologies explain about 40% of the
variance in cognitive trajectory, leaving most unexplained (4,5). Thus, cognitive trajectory
may be considered a summation of the different neuropathological and biological processes
independent of pathologies at work in the aging human brain (5-7).

Despite the importance of understanding cognitive trajectory, existing epigenetic work

on DNA methylation levels measured in brain tissue has primarily focused on AD-

specific pathologies (8—11) and clinical diagnosis of AD (12-14). In contrast, epigenetic
studies that focused on examining cognitive decline were limited due to measuring DNA
methylation changes in blood (15), which showed only moderate correlations (n0.4) with
brain methylation (15). Thus, there is need to understand the epigenetic changes that are
associated with cognitive trajectory to identify potential mechanisms that may act through or
independent of known neuropathologies.

In this study, we investigated associations between brain tissue-based DNA methylation
and cogpnitive trajectory in 636 participants from the Religious Order Study and Rush
Memory and Aging Project (ROS/MAP) cohorts. Cognitive trajectory was assessed in five
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cognitive domains (episodic memory, perceptual speed, perceptual orientation, semantic
memory, and working memory), which were analyzed simultaneously by using an innovative
kernel procedure that can detect associations between multiple predictors (e.g. methylation
sites in a gene) with multiple outcomes (e.g. multiple cognitive domains) (16,17), and
identified genome-wide differential methylation of sites in the Claudin-5 (CLDN5) locus
with cognitive trajectory (p-value = 9.96 x 1077). Subsequent sensitivity analyses showed
the differential methylation in the CLDON5 locus was robust to cell type proportions,
primarily driven by changes in episodic and working memory, and observed in individuals
with little to no beta-amyloid and neurofibrillary tangle pathology.

Materials and Methods

Religious Orders Study (ROS) and the Rush Memory and Aging Project (MAP) Study Data

The Religious Orders Study (ROS) and the Rush Memory and Aging Project (MAP) are
two large, prospectively followed cohorts (11,18). Both ROS and MAP recruit cognitively
normal individuals and collect detailed annual cognitive and clinical evaluations. At death,
participants donate their brain for detailed neuropathological assessments. Both studies were
approved by an Institutional Review Board of Rush University Medical Center.

To be included in the present study, participants must have at least two follow-up evaluations
and available brain methylation data derived from the dorsolateral prefrontal cortex (dPFC;
Broadman area 46). As in previous publications, the ROS and MAP data were analyzed
jointly since much of the phenotypic data collected are identical at the item level in both
studies and collected by the same investigative team (11,19). Cognitive trajectory was
estimated using all available visits. Annual cognitive testing was converted to a z-score
using the mean and standard deviation of the studies at baseline. Cognitive trajectory was
modeled longitudinally using a mixed effects model, adjusting for age, sex, and education
with a random slope and intercept. Neuropathologic measures of neuritic plaques and
neurofibrillary tangles were made using Consortium to Establish a Registry for Alzheimer’s
Disease (CERAD) and Braak staging, respectively, using established research protocols (26).

ROS/MAP Study Omics Data

The omics data generated on the ROS/MAP cohorts have been described previously. Each
data source is presented here and complete details are presented in the supplementary
materials.

DNA methylation was measured from the dPFC as previously described in 737 ROS/MAP
participant samples (11), of which 665 had complete phenotype and covariate information.
For this study, we re-processed the raw IDAT files, which were downloaded from Synapse
(see Web Resources).

Web Resources

« Methylation data used in this study: https://www.synapse.org/#!Synapse:syn3157275

 Rush Alzheimer’s Disease Center Research Resource Sharing Hub: https://www.radc.rush.edu

« Epstein Software: https://github.com/epstein-software/GAMUT.

* MRC London Brain Bank for Neurodegenerative Disease: https://www.hra.nhs.uk/planning-and-improving-research/application-
summaries/research-summaries/mrc-london-neurodegenerative-diseases-brain-bank/

« Ensembl gene predictions (ensGene, version of Apr-06-2014): http://hgdownload.soe.ucsc.edu/goldenPath/hg19/database/.
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Genotyping was generated using two microarrays, Affymetrix GeneChip 6.0 (Affymetrix,
Inc, Santa Clara, CA, USA) and Illumina HumanOmniExpress (Illumina, Inc, San Diego,
CA, USA), as described previously (20).

Gene expression was generated from the dPFC by Illumina HiSeq with 101-bp paired-end
reads using the strand-specific dUTP method with poly-A selection with a coverage of 50
million reads. Single-cell RNA-sequencing profiled from the dPFC of 48 individuals from
ROS/MAP cohort was performed as described (37).

Statistical analysis

In our primary analysis, we estimated epigenetic associations across five neurocognitive
domains in a gene-based analysis, in which each CpG site was assigned to the closest gene
using the Bioconductor package hiAnnotator and the ensembl gene predictions (ensGene,
version of Apr-06-2014). All CpG sites with a distance of no more than 20 KB to the

closest gene, were included in the analyses. In addition, we conducted a sensitivity analysis
in which we only included CpG sites with a distance of no more than 10 KB to the

closest gene. In a traditional association study of cognitive trajectory, each cognitive test
may be either tested individually (15) or used to estimate a composite measure aggregated
across several cognitive tests (27). However, these approaches are underpowered in the
presence of pleiotropy since they fail to exploit correlation among domains (17). Thus,
analysis of a single composite measure can lose power if the causal CpG sites are only
associated with a subset of the features that make the composite measure (17). Hence, it

can be more powerful to directly account for the trait correlations using kernel methods
(28). Kernel methods quantify the genetic similarity among pairs of subjects and test
whether this genetic similarity is associated with trait similarity. Thus, they harness potential
pleiotropy that exists between traits to improve power to detect associations. To analyze
epigenetic associations across five neurocognitive domains simultaneously, we used the
Gene Association with Multiple Traits (GAMuT) test (16). GAMuT is motivated by the
idea that individuals with similar epigenetic patterns should also have similar cognitive
traits across the different cognitive domains. Consequently, GAMUT constructs two different
similarity matrices; one similarity matrix including cognitive decline in the five cognitive
domains and the other similarity matrix for the epigenetic variation (beta values of CpG
sites) assigned to a gene. Phenotypic and epigenetic similarity were modelled using linear
kernels. P-values for GAMuT were derived using Davies’ exact method, which is a
computationally efficient method to provide accurate p-values in the extreme tails of tests
that follow mixtures of chi-square variables (29). We applied a Bonferroni threshold to
correct for multiple testing. The significance threshold was adjusted for the number of tested
genes (threshold: 0.05/26,558 = 1.88 x 1076).

In secondary analyses, we tested which cognitive domains and CpG sites were likely
main drivers in our multivariate GAMuUT analyses. The gene-based analyses for the single
domains were performed with GAMuUT and linear regression analyses were used in the
CpG-based analyses.

All association models were adjusted for age at death, education, sex, ancestry, smoking
status and post-mortem interval (PMI). Another important confounder in DNA methylation
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analyses are differences in cell type proportions between study samples, which can be
associated with diseases or phenotypes (30). In our main analyses, we used surrogate
variables to adjust for differences in cell type proportions as recommended in reference (31).
Principal components (PCs) based on CpG sites chosen for their potential to proxy nearby
SNPs (within 10 BP) were used to correct simultaneously for cell type heterogeneity and
population stratification (first three PCs, Figure S1) (32). Samples whose first PC (PC1)
deviated more than 3 standard deviations from the mean PC1, were excluded from analyses,
reducing the final sample size from 665 to 636. In a sensitivity analysis, associations were
additionally adjusted for cell type proportions using a reference-based approach proposed

in reference (33), which estimated the proportion of neurons from the measured DNA
methylation beta values. To further validate the robustness of our main findings to the
possibility of unmeasured confounding, we conducted a multivariate robust linear regression
model with empirical Bayes from the R package limma (version 3.40.6) (34) controlling

for unmeasured confounding using the eigenvalue difference method as implemented in the
R package cate (35). All analyses were performed using R (version 3.4.3) using built-in
functions unless otherwise specified.

To understand the results of the primary analysis in the ROS/MAP dataset, we performed the
following additional analyses. First, we asked whether our primary finding is independent
of traditional AD neuropathology, i.e., CERAD and Braak staging This was achieved

using interaction and mediation analyses. Mediation analysis was performed by using

the R package “mediation”, an approach that relies on the quasi-Bayesian Monte Carlo
method based on normal approximation (36), and enables us to determine the proportion

of the association between methylation and cognitive decline that was mediated by
neuropathology. Next, we assessed whether DNA methylation changes were associated with
gene mRNA expression. Finally, we assessed whether the methylation signals we detected
were the possible result of hidden genotype effects. All of these associations were tested
using GAMuUT and the genotype associations were followed by a linear regression analysis
on the single SNP level.

To test for generalizability of our findings from the ROS/MAP dataset, we examined
whether the DNA methylation signals we found associated with cognitive decline and
Braak staging were associated with Braak staging in MRC London Brain Bank for
Neurodegenerative Disease dataset (GSE59685, see supplementary methods for details;
Braak stage was the only outcome available in this dataset).

Description of study participants

Our study sample consisted of 636 individuals from the ROS/MAP cohorts with an average
age at death of 86 years and with 63% being female (Table 1). Most of the participants
were white (98%), had a high level of education and 70% had never smoked. On average,
cognitive performance declined with age for every single domain (Table 1) and correlations
of cognitive decline between different domains were moderate, ranging from 0.54 to 0.78
(Table S1). Based on their neuritic plaques (CERAD score), 35% had no or possible AD

at time of death and 65% of the participants had definite or probable AD. Neurofibrillary
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tangle (NFT) pathology was evaluated using the Braak stage. Most participants had a Braak
stage of 111 (30%) or higher (1V: 28%, V: 22%, V1. 1%), which indicates involvement of
limbic regions (stages 111 and 1V) or moderate to severe neocortical involvement (V and VI).
Cognitive decline was associated with more signs of neuropathology (CERAD and Braak
stage, Table S2).

Methylation patterns of CLDN5 associated with cognitive decline

We found that methylated CpG sites in the Claudin-5 (CLDN5) locus were associated

with cognitive trajectory (p-value = 9.96 x 10~7; Figure 1, Table 2, Table S3, and Figure
S1). This association was robust to adjustment for cell type proportions (p-value = 8.52

x 1077, Table S4, Figures S2 and S3), to the selection of a smaller window of CpG sites
around each gene (p-value = 9.96 x 10~7, within 10kb, Table S5), and to the restriction to
participants with European ancestry (621/636 participants, p-value = 9.73 x 1077, Table

S6). The trajectories of episodic and working memory were the main drivers for the
observed association with both being associated with methylation in the CLDN5locus in
the analyses of the single domains (Table 2, Figure S4 and Tables S7-S11). Genes showing
suggestive association with cognitive trajectory (p-values < 5 x 107°) included AC084018.1,
CTB-186G2.1, ATG16L2, KCNN4, RP11-779018.1, TTC22, DCUN1D2-AS, PNMA1 and
RPI11-101C11.1. The strongest associations with these genes were found with episodic
memory, followed by working memory. Interestingly, most of these methylation signals
(CLDN5and 7/9 suggestive genes) were also at least nominally associated with CERAD
(Figures S5-S6, Tables S12 and S13) and Braak stage (Figure S7, Tables S12 and S14).

Higher levels of methylation in CLDNS5 locus associated with cognitive decline

To identify which CpG sites are the main drivers of the observed associations and to
understand the direction of association, we conducted a linear regression analysis for the
cognitive trajectory of each cognitive domain. Interestingly, except for PNMA1, higher
levels of methylation within our top genes were associated with an increased cognitive
decline in every single cognitive domain (Table S15). Within the CpG sites assigned

to CLDN5, cg16773741 and cg05460329 were the main drivers of the association with
cg16773741 being associated with episodic memory (p-value = 1.48 x 1078), semantic
memory (8.81 x 1078) and working memory (8.66 x 1079 (Table 3A). CpG sites located

in close proximity to these two CpG sites showed weaker associations with cognitive
trajectory, but were still at least nominally significant (Table 3, Figure S9). This indicates
that methylation in the whole epigenomic region seems to be related to cognitive trajectory.
These associations were robust to additional adjustment for unmeasured confounding (Table
3B).

Association with CLDN5 even present without signs of neuropathology

To investigate if associations between methylation in CLDN5and cognitive decline are
also present in participants without clear signs of neuropathology, we conducted an
analysis of the interaction between the most significantly associated CpG site (cg16773741)
and CERAD or Braak stage for cognitive decline. The association between methylation

in cg16773741 did not significantly differ between participants with no to little signs

of neuropathology versus participants with moderate to severe signs of neuropathology
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(measured by CERAD and Braak stage; Figure 2). Consequently, the association between
methylation in cg16773741 and decline in episodic, semantic, and working memory was
even significant in participants with no or little signs of neuropathology.

Partial mediation through neuropathology

The association between DNA methylation in the CLDN5 locus (cg16773741) and cognitive
trajectory was only partially mediated through an increased neuropathology. It ranged
between 17% (95% confidence interval (Cl): 18-40%) to 31% (95% CI: 18-61%) for
CERAD and 13% (95% CI: 7-21%) to 27% (95% CI: 15-41%) for Braak stage depending
on the cognitive domain (Figure 3). Therefore, the major part of the association with
CLDNS5 (total effect, Figure 3) was a direct association between methylation and cognitive
decline, which was independent of beta-amyloid and neurofibrillary neuropathology (direct
effect, Figure 3).

No clear association with gene expression levels

In our sample, we found no association between DNA methylation in the CLDN5 window
and CLDNS5 expression (p-value = 0.1978; Table S16). KCNN4 was the only top gene
(Table 2) for which methylation levels were associated with expression levels (p-value =
0.0004; Table S16). Furthermore, cognitive trajectory was not associated with expression of
any gene in Table 2 (Table S16).

Methylation signals were independent of genotypes

Genotypes located within the CLDN5 locus were not associated with cognitive trajectory
(p-value = 0.4415, Table S17 A; Table S18) and associations between DNA methylation in
the CLDNS5 locus and cognitive trajectory were robust to adjustment for genotypes in the
same locus (Table S17 B).

Generalizability of our findings from the ROS/MAP dataset

To test for generalizability of our findings from the ROS/MAP dataset, we examined
whether the DNA methylation signals we found associated with cognitive decline and
Braak staging in ROS/MAP were associated with Braak staging in participants of the MRC
London Brain Bank for Neurodegenerative Disease. Compared to ROS/MAP, individuals
from the brain bank tended to have a higher mean Braak staging (4.7, SD=1.6), indicating
a higher degree of neurofibrillary tangle burden but have a similar mean age at death (87
years, SD = 7 year) and proportion of women (67%).

For the 8 methylation signals, which showed suggestive association with cognitive trajectory
(p-values < 5 x 1075) and were at least nominally associated with Braak stage in

ROS/MAP (p-values < 0.05), we observed nominal associations of Braak stage with
CLDN5, CTB-186G2.1and KCNN4 loci (Table S12, Figure S8) in this additional dataset
and the direction of association with the most significant CpG sites assigned to these genes
was consistent with the association observed in ROS/MAP (Table S15, N=66).
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Single-cell RNA-sequencing shows enrichment of CLDNS5 in brain endothelial cells

To understand the specificity of our findings, we tested whether the top 10 signals were
enriched in a particular brain cell-type. We obtained single-cells RNA-sequencing that

was generated from dPFC from participants in ROS/MAP (37) and found that 3 of

the 10, including the only genome-wide significantly associated region, CLDN5, showed
evidence of significant association after FDR adjustment for all genes within the experiment
(~17,000) (Table S19, Figure S10). Notably, CL DN5, was estimated to be 3.4-fold enriched
in endothelial cells (FDR p-value 2.8 x 10*2%5), and PNMAI and ATG16L2 were enriched
0.32 (FDR p-value 1.3 x 1071%) and 0.73 (FDR p-value 6.7 x 10710) in excitatory neurons
and microglia, respectively.

Discussion

In this study, we found an epigenome-wide association between brain-tissue-based DNA
methylation in the CLDN5 locus and cognitive trajectory in more than 600 participants
from the ROS/MAP cohort. This association was significant across different domains

and particularly associated with trajectories in episodic and working memory. We also
found that higher levels of methylation in CLDN5 were associated with neuropathology in
ROS/MAP and in an independent dataset consistent with the direction of association found
with cognitive decline. Most interestingly, the association between methylation in CLDON5
and cognitive decline was even present in participants with low levels of beta-amyloid

and neurofibrillary neuropathology. In addition, only 13-31% of the association between
methylation and cognitive decline was mediated through levels of neuropathology, whereas
the major part of the association was independent of it. Finally, we found no evidence that
hidden effects of genotypes in the CLDN5 locus confounded our methylation results.

CLDNS5'is an integral membrane protein and an important component of tight junction
protein complexes that comprise the blood-brain barrier. The blood-brain barrier is

located at endothelial cells lining the brain microvasculature and is maintained by the
neurovascular unit, a functional relationship between astrocytes, neurons, and endothelial
cells (39). Dysfunction of the blood-brain barrier has been implicated in neurodegenerative
disorders, such as AD (39-44), and depression (45). Prior studies examining CLDN5in
neurodegeneration have primarily focused on its role in animal and in vitro models of

AD (46,47), which are based on beta-amyloid pathology, or neuropathology in less than
50 human brain samples (48). Here, for the first time, we provide evidence from a large
population-based cohort study of human brain implicating CLDON5 with higher burden of
neuropathology, consistent with prior studies (46). Remarkably, associations with CLDN5
are present in individuals with low levels of neuropathology as well. Taken together with
results from the previous studies, our results suggest that CL DN5'is associated with
cognitive trajectory beyond its effect on beta-amyloid. In total, the genetic changes we
observe and the effect of CLDN5 on cognitive trajectory in people with low pathology
suggest an early role for CLDN5and blood-brain barrier dysfunction in cognitive decline
and AD. We note that an estimated two-thirds of AD dementia (clinically defined)

and that an estimated 40% of cognitive decline are attributable to known age-related
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neuropathologies (4,49). Thus, our findings may account for some of the unaccounted-for
variation in cognitive decline and AD dementia.

To the best of our knowledge, this is the first epigenome-wide study using cognitive
trajectory in older individuals. A previous study on the same cohort showed an association
of 71 CpG sites with neuritic plaque burden, of which 11 were validated in an independent
cohort (11). Here, we showed that all of these 11 signals were at least nominally associated
with cognitive trajectory (p-values < 0.05) and the strongest associations were again

found for cognitive trajectory of episodic and working memory (Table S20). In addition,
we identified methylation in CLDN5 as new epigenetic factor associated with cognitive
trajectory, a gene that has not been linked to AD in a population-based cohort.

By contrast, associations of blood-based methylation levels with global cognitive function
(cg21450381) and phonemic verbal fluency (cg12507869) (15) could not be validated in

our study (Table S21). The likely reasons are the different source of methylation data, and
differences in the phenotype (i.e., cognitive trajectory over time in our study versus cognitive
testing at a single time point (15)).

Strengths of this study include the use of the ROS/MAP cohort in our main analyses, which
is unique in terms of its longitudinal nature with very high follow-up rates, prospective
collection of data, a community-based cohort design, and detailed neuropathological
examination following high autopsy rates. This study is also strengthened by the GAMuUT
(16) statistical method that harnesses correlations among cognitive domains and among
CpG sites. Using GAMUT in contrast to traditional univariate single CpG analyses has

the following advantages: 1) GAMUT leverages information from multiple correlated
phenotypes, in this case cognitive trajectory across different domains, to improve power of
discovery relative to univariate analysis of each separate domain; 2) GAMuUT clusters DNA
methylation array data by exploiting the biological nature of DNA methylation where certain
regions of proximally located DNAmM sites exhibit correlated methylation state (50). CpGs
in close proximity to each other have been shown to typically function together as a unit
(51) and have been investigated in terms of their correlated methylation status and whether
they are joined together by various biological mechanisms. While <10% of the ~28 million
CpGs in the human genome are in CpG dense regions, they are enriched in the promoters
and transcription start sites of developmental and housekeeping genes, implying potential
biological relevance (51). While cg16773741 was the lead signal for most associations, CpG
sites located in close proximity to cg16773741 showed weaker associations with cognitive
trajectory, but were still at least nominally significant. This indicates that methylation in the
region is associated with cognitive trajectory, which increases the likelihood of a potential
biological relevance of this finding.

Due to the unique study design of the ROS/MAP cohorts with longitudinal data on cognitive
trajectory and neuropathologies and DNA methylation measured in brain tissue after death,
we were not able to validate our findings in an independent dataset. The only available
dataset was from a brain bank and had only data on the Braak stage. In addition, the

study is potentially limited by the cross-sectional measurement of DNA methylation after
death. Although brain tissue is the ideal target tissue to measure DNA methylation related
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to cognitive trajectory, it inhibited a simultaneous (or even later) assessment of cognitive
function. Consequently, we cannot exclude the potential risk of reverse causality in our
associations. Another potential limitation is the use of bulk tissue analysis which does not
allow fine-grain resolution of the influences of different cell populations, especially rare cell
types like endothelial cells. This problem is partially mitigated by adjusting for cell-type
composition; however, the mitigation approach works best for effects from common brain
cell types (e.g., glia and neurons). Here, we used brain single-cell data to show CLDN5'is
exclusively enriched in brain endothelial cells, which agrees with prior human and mouse
data showing that show CLDN5'is a key protein for maintaining the integrity of the blood
brain barrier (52). Thus, future studies should investigate the role of epigenetic changes we
observed in the CLDN5 locus in brain endothelial cells to elucidate whether there is a causal
relationship between CLDN5 gene regulation and cognitive decline. Finally, the Illumina
450k array only covers 1.7% of CpG sites on the human genome, and most of these are
located in promoter regions. We therefore encourage more studies on this topic using more
advanced EWAS platforms (such as the Illumina EPIC array) or sequencing approaches to
further disentangle the epigenetic patterns of cognitive trajectory and neuropathology.

In conclusion, we have presented evidence for brain-based DNA methylation in association
with cognitive trajectory. We identified methylation in CLDN5 as a new epigenetic factor
associated with cognitive trajectory, which was even significant in participants with no or
little signs of beta-amyloid and neurofibrillary neuropathology. Higher levels of methylation
in CLDN5 were associated with cognitive decline implicating the blood brain barrier in
maintenance of cognitive trajectory with aging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. DNA methylation and cognitive decline.
Association between DNA methylation and cognitive decline in ROS/MAP tested with

GAMUT. Adjusted for age at death, education, sex, ancestry, smoking status, post-mortem
interval (PMI) and the first three principal components.
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Associations between DNA methylation of the top CpG site of CLDON5 (cg16773741) and
cognitive trajectory are shown in participants with no to little (category 0) vs. moderate to
severe (category 1) signs of neuropathology (beta estimates and 95%-confidence intervals).
No to little signs of neuropathology are defined as a CERAD measure of 3 (possible) or

4 (no AD) or a Braak stage of 0 to 1. Moderate to severe signs of neuropathology are
defined as a CERAD measure of 1 (definite) or 2 (probable) or a Braak stage of Il to

V1. P-values are given for the test of deviations of the association between methylation
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in cognitive trajectory between the two strata. The boxes present the distribution of the
neuropathological variables (proportion of samples in category 0 and 1). EM: decline in
episodic memory; PS: decline in perceptual speed; PO: decline in perceptual orientation;
SM: decline in semantic memory; WM: decline in working memory. Adjusted for age at
death, education, sex, ancestry, smoking status, post-mortem interval (PMI) and the first
three principal components.
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Figure 3. Mediation analysis.
Beta-estimates and 95%-confidence intervals of the estimated average causal mediation

effects, the average direct effects as well as the total effects. Proportion (with 95%-
confidence interval) of the association between DNA methylation (DNAm) of the top
CpG site of CLDN5 (cg16773741) and cognitive trajectory, which is mediated through
neuropathology (CERAD & Braak stage) is given in percent. EM: decline in episodic
memory; PS: decline in perceptual speed; PO: decline in perceptual orientation; SM:
decline in semantic memory; WM: decline in working memory. Adjusted for age at death,
education, sex, ancestry, smoking status, post-mortem interval (PMI) and the first three
principal components (PCs).
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Study characteristics.

Table 1.

ROS/MAP
N 636
Age at death, mean + sd 86.22 +4.72
Female, n (%) 401 (63.1)
Ancestry
European, n (%) 621 (97.6)
African American, n (%) 11 (1.7)
Native American, n (%) 1(0.2)
Asian, n (%) 3(0.5)
Years of education, mean + sd 16.63 + 3.54
Never smoker, n (%) 444 (69.8)
Ex-smoker, n (%) 176 (27.7)
Smoker, n (%) 16 (2.5)
Post mortem interval (PMI), mean + sd 7.43+5.79
Estimated proportion of neuronsJ, mean+sd 045%0.05
Decline in episodic memory, mean + sd -0.03+0.11
Decline in perceptual speed, mean + sd -0.02 +0.08
Decline in perceptual orientation, mean +sd ~ -0.01 £+ 0.04
Decline in semantic memory, mean + sd -0.03+0.13
Decline in working memory, mean + sd -0.01 +0.05
CERAD scorez, n (%)
Definite 204 (32.1)
Probable 208 (32.7)
Possible 70 (11.0)
No Alzheimer’s disease 154 (24.2)
Braak stage'g, n (%)
0 7(1.1)
1 56 (8.8)
It 61 (9.6)
Il 188 (29.6)
IV 180(28.3)
VvV  138(2L.7)
Vi 6 (0.9)

in comparison to glia cells. Estimated proportion of neurons is highly correlated with PC2 (Pearson correlation r=-0.5) and PC3 (r=0.8).
Correlations with PC1 and PC4 are r=—0.1.

2. . o .
Semiquantitative measure of neuritic plaques;

Page 18

Semiquantitative measure of neurofibrillary tangle (NFT) pathology. Braak stages | and Il indicate NFTs confined mainly to the entorhinal region
of the brain, Braak stages Il and IV indicate involvement of limbic regions such as the hippocampus, Braak stages V and V1 indicate moderate to

severe neocortical involvement.
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type

Resource Specific Reagent or Resource Source or Reference Identifiers Additional
Type Information
Add Include species and sex when Include name of manufacturer, Include catalog numbers, Include any
additional applicable. company, repository, individual, stock numbers, database additional
rows as or research lab. Include PMID IDs or accession numbers, information or
needed for or DOI for references; use “this and/or RRIDs. RRIDs are notes if

each resource paper” if new. highly encouraged; search | necessary.

for RRIDs at https://
scicrunch.org/resources.

Deposited The methylation data was doi: 10.7303/syn3157275 Individual IDAT files
Data; Public generated on prefrontal cortex available at https://
Database samples from participants of the WWW.Synapse.org/#!
ROS/MAP studies using the lllumina Synapse:syn7357283
HumanMethylation450 BeadChip.
The brief description of the study
and available files are located at
the DOI listed. The individual IDAT
files are located under Synapse ID
“syn7357283” and the link provided
in the “Identifiers” column of this
spreadsheet.
Deposited Rush Alzheimer’s Disease Center https://www.radc.rush.edu Resource used
Data; Public Research Resource Sharing Hub to request
Database phenotypic
data.
Deposited MRC London Brain Bank for https://www.hra.nhs.uk/
Data; Public Neurodegenerative Disease planning-and-improving-
Database research/application-summaries/
research-summaries/mrc-london-
neurodegenerative-diseases-brain-
bank/
Deposited Ensembl gene predictions http://hgdownload.soe.ucsc.edu/ ensGene, accessed on
Data; Public goldenPath/hg19/database/. Apr-06-2014
Database
Software; The GAMUT software is available as https://github.com/epstein- e0da206
Algorithm an R script at the listed github URL. software/GAMuT
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